The nucleoside analog cytarabine, an effective and widely used agent for the treatment of acute myelogenous leukemia (AML), 1 induces remissions when administered on various schedules either as a single agent or in combination with other antileukemic drugs. 2, 3 Unfortunately, despite the inclusion of cytarabine in a variety of induction and consolidation regimens, most patients with AML ultimately relapse and die with drug-resistant disease. [3] [4] [5] [6] Accordingly, there is considerable interest in understanding the mechanisms of resistance to cytarabine and devising strategies for overcoming them. 6, 7 Earlier studies identified a number of mechanisms of cytarabine resistance, including diminished uptake on nucleoside transporters, 8 increased degradation of cytarabine to uracil arabinoside, 9 diminished formation or retention of cytosine arabinoside triphosphate, [10] [11] [12] and reduced incorporation into DNA resulting from decreased passage of cells through S phase. 13 Strategies for overcoming several of these mechanisms have been successfully implemented in clinical trials. [14] [15] [16] Recent observations suggest that signaling by checkpoint kinase Chk1 might also contribute to cytarabine resistance. Chk1 is activated by a number of replication inhibitors. [17] [18] [19] [20] [21] According to current understanding, these inhibitors cause DNA polymerases to stall but allow DNA helicases to continue advancing. 22, 23 The resulting single-stranded DNA then binds replication protein A, which recruits 2 protein complexes, one consisting of the ataxia telangiectasia mutated-and Rad3-related (ATR) kinase and its binding partner ATR-interacting protein (ATRIP) and another consisting of the Rad9-Rad1-Hus1 clamp. The Rad9-Rad1-Hus1 complex facilitates ATR-mediated phosphorylation and activation of Chk1. Once activated, Chk1 phosphorylates the phosphatase Cdc25A. [24] [25] [26] [27] The resulting protease-mediated degradation of Cdc25A contributes to S-phase slowing by preventing phosphatasemediated activation of cyclin E/cyclin dependent kinase 2 complexes (reviewed by Sagata 28 ). In addition, Chk1-mediated phosphorylation stabilizes stalled replication forks until replication can resume. 18, 21 The potential importance of these events in drug resistance is highlighted by the observation that Chk1 gene deletion or pharmacologic Chk1 inhibition sensitizes cells to replication inhibitors. 21, [29] [30] [31] Collectively, these observations have raised the possibility that disrupting Chk1 signaling might enhance nucleoside analog cytotoxicity and overcome Chk1-mediated drug resistance.
Introduction
The nucleoside analog cytarabine, an effective and widely used agent for the treatment of acute myelogenous leukemia (AML), 1 induces remissions when administered on various schedules either as a single agent or in combination with other antileukemic drugs. 2, 3 Unfortunately, despite the inclusion of cytarabine in a variety of induction and consolidation regimens, most patients with AML ultimately relapse and die with drug-resistant disease. [3] [4] [5] [6] Accordingly, there is considerable interest in understanding the mechanisms of resistance to cytarabine and devising strategies for overcoming them. 6, 7 Earlier studies identified a number of mechanisms of cytarabine resistance, including diminished uptake on nucleoside transporters, 8 increased degradation of cytarabine to uracil arabinoside, 9 diminished formation or retention of cytosine arabinoside triphosphate, [10] [11] [12] and reduced incorporation into DNA resulting from decreased passage of cells through S phase. 13 Strategies for overcoming several of these mechanisms have been successfully implemented in clinical trials. [14] [15] [16] Recent observations suggest that signaling by checkpoint kinase Chk1 might also contribute to cytarabine resistance. Chk1 is activated by a number of replication inhibitors. [17] [18] [19] [20] [21] According to current understanding, these inhibitors cause DNA polymerases to stall but allow DNA helicases to continue advancing. 22, 23 The resulting single-stranded DNA then binds replication protein A, which recruits 2 protein complexes, one consisting of the ataxia telangiectasia mutated-and Rad3-related (ATR) kinase and its binding partner ATR-interacting protein (ATRIP) and another consisting of the Rad9-Rad1-Hus1 clamp. The Rad9-Rad1-Hus1 complex facilitates ATR-mediated phosphorylation and activation of Chk1. Once activated, Chk1 phosphorylates the phosphatase Cdc25A. [24] [25] [26] [27] The resulting protease-mediated degradation of Cdc25A contributes to S-phase slowing by preventing phosphatasemediated activation of cyclin E/cyclin dependent kinase 2 complexes (reviewed by Sagata 28 ). In addition, Chk1-mediated phosphorylation stabilizes stalled replication forks until replication can resume. 18, 21 The potential importance of these events in drug resistance is highlighted by the observation that Chk1 gene deletion or pharmacologic Chk1 inhibition sensitizes cells to replication inhibitors. 21, [29] [30] [31] Collectively, these observations have raised the possibility that disrupting Chk1 signaling might enhance nucleoside analog cytotoxicity and overcome Chk1-mediated drug resistance.
Heat shock protein 90 (Hsp90) is currently receiving considerable attention as a potential anticancer drug target. 32 The Hsp90 complex is a chaperone that facilitates the initial folding and/or stabilization of a variety of polypeptides, which are known as clients. 33, 34 Several Hsp90 clients, including c-Kit, 35 FLT3, 36 Akt, 37, 38 and Bcr/abl, 39, 40 play important roles in leukocyte biology and leukemogenesis. The ability of the Hsp90 complex to stabilize these clients is inhibited by the benzoquinone ansamycin antibiotic geldanamycin and its derivatives, 41, 42 which occupy the adenosine triphosphate (ATP) binding site on Hsp90 43 and trap the chaperone complex in a conformation that targets client proteins for proteasome-mediated degradation. 44, 45 Differences between chaperoning complexes in neoplastic and normal cells make the Hsp90 complex a potentially useful target for cancer chemotherapy. In particular, Hsp90 in neoplastic cells exists in multimolecular complexes with high adenosine triphosphatase (ATPase) activity and a high affinity for the geldanamycin derivative 17-allylamino-17-demethoxygeldanamycin (17-AAG), whereas Hsp90 in normal cells exists in a latent form that has low ATPase activity and a low affinity for 17-AAG. 46 These observations provide a potential explanation for the enhanced accumulation and selective cytotoxicity of 17-AAG in neoplastic cells. 41, 46, 47 Based on this selective toxicity, the geldanamycin analog 17-AAG is currently in phase 1 and phase 2 trials in patients with solid tumors. 42, 47 These studies have shown that 17-AAG is reasonably well tolerated, with reversible elevation of serum transaminases, nausea, vomiting, and diarrhea being dose-limiting when this agent is administered as a 60-minute infusion on a weekly schedule. 48 Pharmacokinetic analysis has demonstrated that serum levels of 17-AAG exceed 1 M for 8 hours and 300 nM for 16 hours at the maximum tolerated dose. Levels of its principal metabolite 17-aminogeldanamycin (17-AG) also exceed 1 M for 14 hours and 300 nM for 24 hours. 48 Although the effects of 17-AG on chaperone function have not been well characterized, the net result of these 17-AAG and 17-AG exposures is an interruption of Hsp90 function, as evidenced by client protein down-regulation and Hsp70 up-regulation in peripheral blood mononuclear cells. 48, 49 These observations provide the drug concentrations used to guide the present experiments.
Recent studies showing that Chk1 is an Hsp90 client 50 identified a potential link between chaperone complex function and S-phase checkpoint signaling. These studies showed that 17-AAG sensitizes cells to the nucleoside analog gemcitabine as it diminishes Chk1 levels. 50 In view of these results as well as the tolerable side effects of 17-AAG in patients, 48 we investigated the role of Chk1 activation in cytarabine-treated AML cells. In particular, the present studies examined whether cytarabine-induced S-phase arrest is accompanied by Chk1 activation and assessed the effect of 17-AAG-induced Chk1 depletion on the action of cytarabine in AML cells lines and clinical samples.
Materials and methods

Materials
17-AAG and 17-AG were kindly provided by R. Schultz of the Developmental Therapeutics Program, National Cancer Institute (Bethesda, MD) or T. Mueller, Kosan Biosciences (Hayward, CA). Reagents were purchased as follows: LY294002 from Calbiochem (San Diego, CA) or Alexis Biochemicals (San Diego, CA), cytarabine from Sigma (St Louis, MO), allophycocyanin (APC)-conjugated annexin V from BD Pharmingen (San Diego, CA), Apo-ONE homogeneous caspase 3/7 reagents from Promega (Madison, WI), and OptiMEM medium and Lipofectamine 2000 from Invitrogen (Carlsbad, CA). Antibodies to the following antigens were obtained as indicated: Akt, phosphatidylinositol-dependent kinase 1 (PDK1), procaspase-3, phospho-Thr308-Akt, phospho-Ser345-Chk1, and phosphoSer21/9-glycogen synthase kinase (GSK)-3␣/␤ from Cell Signaling Technology (Beverly, MA); total GSK3␤ from Oncogene Research (San Diego, CA); Akt1 from Upstate Biotechnology (Lake Placid, NY); cleaved poly(adenosine diphosphate-ribose) polymerase (PARP) from Promega (Madison, WI); Hsp70 from Stressgen (San Diego, CA); and Chk1 and Cdc25A from Santa Cruz Biotechnology (Santa Cruz, CA). Murine antibodies against Chk2, Hsp90, and PARP were generous gifts from Junjie Chen and David Toft (both at Mayo Clinic, Rochester, MN) and Guy Poirier (Laval University, Ste-Foy, QC, Canada), respectively.
Leukemia samples
After informed consent was obtained under the aegis of protocols approved by the review boards of both participating institutions, marrow or blood samples were acquired from patients with newly diagnosed AML prior to induction therapy. Mononuclear cells were isolated on Ficoll-Hypaque gradients as described, 51 washed with RPMI 1640 medium, and resuspended at 1.5 ϫ 10 6 /mL in Iscove modified Dulbeccco medium (IMDM) containing 20% (vol/vol) heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin G, 100 g/mL streptomycin, and 2 mM glutamine (medium A).
Cell culture
HL-60 cells (American Type Culture Collection, Manassas, VA) and ML-1 cells (a kind gift from Michael Kastan, Saint Jude Children's Hospital, Memphis, TN) were maintained in RPMI 1640 containing 10% FBS, 100 U/mL penicillin G, 100 g/mL streptomycin, and 2 mM glutamine (medium B) at a concentration of less than 1 ϫ 10 6 /mL at all times. HeLa cells were cultured in RPMI 1640 containing 10% FBS and 2 mM glutamine.
Assays of apoptosis
After treatment with the indicated concentrations of cytarabine and/or 17-AAG, fixation in 3:1 (vol/vol) methanol-acetic acid, and staining with 1 g/mL Hoechst 33258, cells (at least 500 per sample) were examined by fluorescence microscopy for apoptotic changes in nuclear morphology. 52 In parallel experiments, cells were washed, lysed at 4°C in buffer C (0.1% [wt/vol] Triton X-100 and 50 g/mL propidium iodide in 0.1% [wt/vol] sodium citrate), and subjected to flow cytometry as previously described 53, 54 to assess DNA fragmentation. In further experiments, cells were stained with APC-conjugated annexin V and 0.1 g/mL propidium iodide in 140 mM NaCl, 2.5 mM CaCl 2 , and 10 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), pH 7.4, as instructed by the supplier. For this assay, 30 000 events were collected from the FL2 (excitation 488 nm, emission 585 Ϯ 21 nm) and FL4 (excitation 635 nm, emission 661 Ϯ 8 nm) channels of a Becton Dickinson (Mountain View, CA) FACSCalibur flow cytometer and analyzed using Becton Dickinson CellQuest software. Whole-cell lysates were harvested from the same experiments for immunoblotting to detect procaspases and caspase substrates 52,55,56 as described in "Immunoblotting." Finally, duplicate 100 L aliquots of drug-treated cells were assayed for ability to cleave the substrate N-(N ␣ -aspartylglutamylvalinyl)aspartyl-rhodamine 110 according to instructions of the supplier using purified rhodamine 110 (Molecular Probes, Eugene, OR) to construct a standard curve. Additional aliquots were lysed in buffer C and analyzed in a SpectraMax Gemini EM fluorescent plate reader (Molecular Devices, Sunnyvale, CA) using excitation and emission wavelengths of 536 and 617 nm, respectively, to analyze DNA content, which was used to correct the caspase assay for variations in cell number.
Clonogenic assays
Aliquots containing 0.25 ϫ 10 6 HL-60 cells in 1 mL medium B were incubated with diluent or cytarabine for 24 hours. Diluent or 17-AAG was added for an additional 24 hours. Cells were then sedimented at 80g for 5 minutes, resuspended in fresh medium B, diluted, and plated in gridded 35-mm plates in the medium of Pike and Robinson 57 containing 0.3% (wt/vol) Bacto agar. After incubation for 14 days at 37°C, colonies containing 50 or more cells were counted on an inverted microscope. The same approach was used for clinical AML samples except that cells were treated with drug in medium A, washed, and plated in Methocult methylcellulose (StemCell Technologies, Vancouver, BC, Canada), which contains stem-cell factor, granulocyte-macrophage colonystimulating factor, granulocyte colony-stimulating factor, erythropoietin, interleukin-3, and interleukin-6.
HeLa cells were transfected twice at 24-hour intervals with siRNA no. 1 (Dharmacon, Lafayette, CO), Chk1 siRNA, 25 and/or PDK1 siRNA 58 as described. 59 Beginning 48 hours after the second transfection, cells were trypsinized, plated in 60-mm dishes, allowed to adhere for 4 hours, and treated with the indicated cytarabine concentrations for 24 hours. Alternatively, where indicated, nontransfected HeLa cells were treated with cytarabine for 24 hours followed by LY294002 for another 24 hours in the continued presence of cytarabine. Following drug treatment, cells were washed with RPMI 1640 and cultured for 7 days in medium B. After staining with Coomassie brilliant blue, colonies containing 50 or more cells were counted.
Cell-cycle analysis
Cells in medium B were incubated for 24 hours with diluent or cytarabine. Diluent or 17-AAG was then added for an additional 24 hours. Samples were then fixed in 50% ethanol, rehydrated, treated with RNase A, stained with 50 g/mL propidium iodide in 0.1% sodium citrate, and analyzed (at least 20 000 events per sample) using a Becton Dickinson FACScan flow cytometer. Very small debris (forward scatter less than 10% of intact cells) was excluded from analysis by gating, but apoptotic cells were specifically included. Cell-cycle profiles were determined using Modfit Software (Verity, Topsham, ME) as previously described. 51, 60 Immunoblotting After treatment with drug or diluent as indicated in the figure legends, cells were sedimented at 200g for 10 minutes, washed once with ice-cold RPMI 1640 medium containing 10 mM HEPES (pH 7.4 at 4°C), solubilized in buffered 6 M guanidine hydrochloride under reducing conditions, and prepared for electrophoresis as previously described. 61 Aliquots containing 50 g protein (determined by the bicinchoninic acid method 62 ) were separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels containing 5% to 15% acrylamide gradients, electrophoretically transferred to nitrocellulose, and probed as described. 63 Alternatively, cells were lysed for 10 minutes on ice in buffer consisting of 50 mM HEPES (pH 7.4), 1% (wt/vol) Triton X-100, 10 mM NaF, 30 mM Na 4 P 2 0 7 , 150 mM NaCl, and 1 mM EDTA (ethylenediaminetetraacetic acid) supplemented with freshly added 10 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 10 g/mL pepstatin, 5 g/mL aprotinin, 10 g/mL leupeptin, and 20 nM microcystin-LR as described previously. 64 After protein was estimated by the Bradford method, 65 cell lysates were mixed with an equal volume of 2 ϫ SDS-polyacrylamide gel electrophoresis sample buffer, boiled for 5 minutes, resolved on 10% SDS-polyacrylamide gels, transferred to Immobilon-P membranes, and probed with antiphospho-Ser345-Chk1, anti-PDK1, antiphospho-Thr308-Akt, antiphospho-Ser9/21-GSK3␣/␤, or anti-Chk1 antibodies as described. 64 
Statistical analysis
All experiments in tissue-culture cell lines were performed 3 to 5 times. Differences between groups were analyzed using the paired or unpaired Student t test as indicated. Several approaches outlined by Berenbaum 66 were employed as indicated to determine whether effects of the cytarabine-17-AAG combination were synergistic.
Results
Cytarabine activates Chk1
Recent studies have demonstrated that the nucleoside analogs fludarabine 30 and gemcitabine 50 activate Chk1. To determine whether similar activation occurs in human leukemia cells treated with the clinically sustainable concentrations of 30 to 300 nM cytarabine, 10, 67 HL-60 cells were incubated with varying concentrations of this agent for 3 hours and probed with antibodies that recognize Chk1 phosphorylated on Ser345, a site modified by ATR and required for Chk1 activation. 20 Results of this experiment demonstrated readily detectable Chk1 phosphorylation at cytara- , suggesting that the S-phase checkpoint was not appreciably adapting in these cells. Because the flow cytometry assay used in these experiments cannot readily distinguish between cells in late S phase and G 2 , the results in Figure 2D represent a minimum estimate of the S-phase accumulation after cytarabine treatment.
17-AAG-induced Chk1 depletion is accompanied by S-phase exit and enhanced cytotoxicity in HL-60 cells
Recent results from our laboratory demonstrated that Chk1 is a client of the Hsp90 chaperone complex. 50 Consequently, treatment of several cell lines with Hsp90 inhibitors led to Chk1 depletion. To confirm that Hsp90 inhibitors also promote Chk1 depletion in HL-60 cells, cells were treated for up to 24 hours with increasing concentrations of 17-AAG or its major metabolite, 17-AG, harvested, and analyzed by immunoblotting with anti-Chk1 antibodies. This analysis demonstrated a readily detectable decrease in Chk1 levels after a 24-hour treatment with 100 to 300 nM 17-AAG ( Figure 3A, lanes 7 and 8) . This decrease occurred at somewhat lower 17-AAG concentrations than were required to diminish the kinase Akt1 ( Figure 3A , lanes 9 and 10), another Hsp90 client. 17-AG induced similar Chk1 and Akt1 down-regulation but at 3-fold lower concentrations ( Figure 3B ). Of importance, these changes occurred before detectable caspase activation, as evidenced by the lack of PARP cleavage ( Figure 3A , lane 10). More prolonged 17-AAG treatment, however, induced PARP cleavage (not shown) and other stigmata of apoptosis (Figures 4, 5) , as has been reported in other cell lines. 36, 39, 73, 74 Because 17-AAG treatment results in Chk1 depletion and Chk1 is required for activation of the S-phase checkpoint, we reasoned that 17-AAG would disrupt cytarabine-induced Cdc25A degradation and S-phase accumulation. However, in agreement with previous results, [75] [76] [77] we also observed that 17-AAG administered as a single agent arrested HL-60 cells in G 1 and G 2 ( Figure 2E ), which would prevent cells from reaching S phase, where cytarabine is most effective. 1 To circumvent this problem, we first arrested cells in S phase by treating for 24 hours with cytarabine and then added 17-AAG for the subsequent 24 hours. Immunoblotting demonstrated that 17-AAG-induced Chk1 depletion under these conditions was indistinguishable from that shown in Figure 3 (data not shown). Consistent with the loss of Chk1, 17-AAG attenuated cytarabine-induced Cdc25A loss ( Figure 2A ) and overcame cytarabine-induced S-phase slowing, as indicated by the fact that cells accumulated in G 1 and G 2 phases despite the continued presence of cytarabine ( Figure 2F-G) . 
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The depletion of S-phase cells observed in Figure 2F -G was not due to cell death. Few cells with sub-G 1 DNA content or apoptotic morphology were observed at the completion of the combined drug treatment ( Figure 2F ; D.L. and S.H.K., unpublished observations, January 2004). Nonetheless, examination of the long-term consequences of the sequential treatment indicated that 17-AAG enhanced the antiproliferative effects of cytarabine. For these studies, we initially used colony-forming assays, which have been widely employed to determine the effects of cytokines and drugs on normal and leukemic myeloid cells in the past. 57, [78] [79] [80] [81] These assays demonstrated that 17-AAG diminished the ability of cytarabinetreated HL-60 cells to form colonies ( Figure 4A ). The ability of one agent to enhance the activity of another without having any activity itself is one definition of synergy. 66 Based on this definition, 100 nM 17-AAG clearly synergized with cytarabine ( Figure 4A ).
Formal analysis of these data by the median effect method of Chou and Talalay 82 under the assumption that the combined effects of the 2 agents were mutually exclusive (equivalent to isobologram analysis) 66 showed that most combination index values were below 1 ( Figure 4B ), confirming that the effects were synergistic.
Further experiments investigated whether 17-AAG also enhanced cytarabine-induced apoptosis. Cells treated with cytarabine, 17-AAG, or the combination appeared healthy at the end of the combined drug treatment (data not shown). By 72 hours after drug withdrawal, however, a substantial number of cells appeared apoptotic (Figure 4C-D) .Analysis by the median effect method again demonstrated that the effects were synergistic, consistent with the results of the clonogenic assays. Similar results were observed when the induction of apoptosis was examined using APC-conjugated annexin V ( Figure 4E-F) , a phosphatidylserinebinding polypeptide that preferentially recognizes cells undergoing apoptosis. 85 Combined results of 4 independent experiments demonstrated that 17-AAG concentrations as low as 100 to 300 nM significantly enhanced cytarabine-induced killing. As shown in Figure 4G , the percentage of annexin V-positive cells increased from 9.8% Ϯ 3.3% after treatment with 300 nM cytarabine alone to 14.1% Ϯ 4.1% when we added 100 nM 17-AAG, a concentration that exhibited no effect by itself, and to 17.7% Ϯ 4.2% when we added 300 nM 17-AAG, a concentration that induced only 3% more apoptosis than diluent.
Effects of the cytarabine-17-AAG combination in ML-1 cells
To rule out the possibility that these effects occurred only in HL-60 cells, ML-1 cells were treated with cytarabine alone or cytarabine followed by 17-AAG. Previous results from our laboratory demonstrated that 17-AAG treatment decreases Chk1 levels in this AML cell line. 50 Flow cytometry confirmed that cytarabine-induced S-phase slowing was also diminished by addition of 17-AAG ( Figure 5A-B) . Although ML-1 cells do not form colonies, analysis of apoptotic changes by several different assays demonstrated that 17-AAG enhanced cytarabine-induced cell death. In contrast to HL-60 cells, which did not show a sub-G 1 peak following drug exposure, ML-1 cells exposed to cytarabine and 17-AAG displayed 1 and 6) , 100 nM 17-AAG (lanes 2 and 7), 300 nM 17-AAG (lanes 3 and 8), 1000 nM 17-AAG (lanes 4 and 9), or 3000 nM 17-AAG (lanes 5 and 10). After cells were washed in serum-free medium, whole-cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and immunoblotted for Chk1 and Akt1. PARP, a well-recognized substrate of caspases 3, 7, and 9, 69-72 served as a marker of caspase activation. Chk2 served as a loading control. (B) Log-phase HL-60 cells were treated for 24 hours with diluent (lanes 1 and 6), 17-AAG (lanes 2 to 5), or 17-AG (lanes 7 to 10) at 30 nM (lanes 2 and 7), 100 nM (lanes 3 and 8), 300 nM (lanes 4 and 9) , and 1000 nM (lanes 5 and 10) . At the completion of the incubation, sample preparation and immunoblotting were performed as described in panel A.
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For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From DNA fragmentation in this assay ( Figure 5A , double-headed arrow). As indicated in Figure 5C , morphologic analysis also indicated that addition of 17-AAG enhanced cytarabine-induced apoptosis. These same experiments also explored whether continued cytarabine treatment was required for the enhanced apoptosis during the 17-AAG exposure ( Figure 5C ). Even though the amount of cell death was similar when cells were exposed to cytarabine for either 24 or 48 hours (3.25% Ϯ 0.95% versus 7.5% Ϯ 3.0% apoptosis, n ϭ 5), significantly more cells died when cytarabine was present during the 17-AAG exposure compared with when cytarabine was removed (41% Ϯ 13% versus 21% Ϯ 9% apoptosis, n ϭ 5; P ϭ .02 by paired t test).
In a subsequent series of experiments, multiple independent techniques compared the induction of apoptosis by the individual drugs and the cytarabine-17-AAG combination. More caspase activity was detected in cells treated with the drug combination than in cells treated with either drug alone ( Figure 5D ). Consistent with these results, immunoblotting demonstrated that cleavage of the caspase substrate PARP was enhanced by treatment with the combination ( Figure 5E, top panel) . Because this cleaved PARP or 1000 nM cytarabine (Ara-C) for 24 hours. Diluent or 300 nM 17-AAG was then added for 24 hours. At the completion of the drug treatment, cells were washed and cultured in drug-free medium for 3 days prior to staining with APC-annexin V. For these assays, both propidium iodide-negative (early apoptotic) and propidium iodidepositive (late apoptotic) cells were quantitated, a common practice in these prolonged assays. 83, 84 (F) Logphase HL-60 cells were treated with 0.1% DMSO containing 0, 100, 300, or 1000 nM cytarabine for 24 hours. The indicated concentration of 17-AAG was then added for an additional 24 hours in the continued presence of cytarabine. At the completion of the incubation, cells were sedimented, incubated in drug-free medium for 72 hours, and stained with APC-annexin V as illustrated in panel E. (G) Combined results obtained in 4 independent experiments performed as described for panels E and F. Error bars: Ϯ 1 standard deviation. *P ϭ .03 and **P ϭ .002 by paired t test. MESA et al BLOOD, 1 JULY 2005 ⅐ VOLUME 106, NUMBER 1 only.
For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From fragment was specifically detected by a serum that recognizes only PARP cleaved after Asp214 ( Figure 5E , second panel from top), a known caspase cleavage site, 86 this enhanced cleavage reflects increased caspase activity. Consistent with this interpretation, increased amounts of cleaved (activated) 56 caspase 3 were also detected after treatment with the combination ( Figure 5E , third panel from top). Analysis of these cells for apoptosis using an annexin V binding assay again demonstrated that the continued presence of cytarabine enhanced the effect of 17-AAG. In particular, 46.1% Ϯ 6.3% of the cells bound annexin V when cytarabine was present during the 17-AAG exposure, but only 32.7% Ϯ 6.7% stained positive when cytarabine was removed ( Figure 5F , P Ͻ .001 by paired t test). These results suggest that the enhanced cytotoxicity observed when 17-AAG is added to cytarabine-containing cells reflects, at least in part, the effect of inducing additional replication stress when Chk1 is down-regulated by 17-AAG.
siRNA-mediated Chk1 depletion also sensitizes cells to cytarabine
Hsp90 inhibition depletes numerous Hsp90 clients associated with increased survival following genotoxin treatment. 33, 41, 42 To independently assess the effect of Chk1 depletion on cytarabine cytotoxicity, we down-regulated Chk1 with siRNA. Despite multiple attempts, we could not deplete Chk1 by transfecting either HL-60 or ML-1 cells with synthetic siRNA or plasmid-produced hairpin siRNAs that were effective in other cell lines. Consequently, HeLa cells were used in these experiments.
As was seen in HL-60 cells, cytarabine induced Ser345 phosphorylation of Chk1 in HeLa cells, although somewhat higher cytarabine concentrations were required (compare Figures 6A and  1) . Chk1 down-regulation by siRNA ( Figure 6B , inset) was accompanied by enhanced sensitivity to single-agent cytarabine ( Figure 6B ). These results are consistent with the hypothesis that 17-AAG-induced Chk1 down-regulation contributes to the enhanced cytotoxicity of cytarabine.
Although it is not possible to examine the effects of all of the other Hsp90 clients, the same model system was used to evaluate the contribution of 17-AAG-induced Akt down-regulation. As a key signaling kinase of the phosphatidylinositol 3-kinase (PI3k) pathway, Akt plays critical roles in blocking apoptosis and promoting survival following cellular stress. 87 Because Akt and the upstream kinase that activates it, PDK1, are both Hsp90 clients, 33, 41, 42 inactivation of this pathway has been postulated to contribute to the ability of 17-AAG to sensitize cells to a variety of proapoptotic stimuli. To assess the effect of PDK1/Akt pathway inhibition in sensitizing cells to cytarabine, PDK1 was downregulated with siRNA ( Figure 6C, inset) . Concomitant with PDK1 depletion, phosphorylation of Akt on Thr308 was decreased ( Figure 6C, inset) . In contrast to Chk1 down-regulation, however, PDK1 depletion did not enhance cytarabine sensitivity ( Figure 6C ). To the contrary, cells were more resistant after PDK1 down-regulation. To confirm that this was not a result of an off-target effect of the PDK1 siRNA, we inhibited the same pathway with LY294002, a small Figure 4C . (D-F) ML-1 cells were treated with diluent or 100 nM cytarabine for 24 hours, sedimented, and incubated with diluent, 300 nM 17-AAG, 100 nM cytarabine, or 100 nM cytarabine plus 300 nM 17-AAG for an additional 24 hours. At the completion of the incubation, whole-cell lysates were assayed for ability to cleave DEVD-rhodamine 110 and for DNA content (D). Alternatively, whole-cell lysates were subjected to immunoblotting using sera that recognize the indicated antigen (E); dashed line indicates where nonadjacent lanes on each blot were juxtaposed; arrow, 89 kDa PARP fragment that results from caspase-mediated cleavage. 86 At the completion of the incubation, cells were also examined for APC-annexin V binding (F) as illustrated in Figure 4E . Error bars: Ϯ 1 standard deviation of 5 (C) or 3 (F) independent experiments. *P ϭ .02 and **P Ͻ .001 by paired t test. Figure 6D , inset) but again did not sensitize cells to cytarabine ( Figure 6D ). These results suggest that Chk1 depletion, but not modulation of the PI3k/PDK1/ATR pathway, plays a predominant role in sensitizing HeLa cells to cytarabine.
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Effect of cytarabine and 17-AAG in clinical AML isolates
In a final series of experiments, the effects of 17-AAG on primary AML isolates were examined. Immunoblotting demonstrated that a 24-hour 17-AAG treatment caused depletion of both Chk1 and Akt1, as illustrated in Figure 7 for samples from 3 separate AML patients. Consistent with previous observations, Hsp70 levels were up-regulated after 17-AAG exposure, and Hsp90 levels were unaltered. Similar effects of 17-AAG on Chk1, Hsp70, and Hsp90 were observed in all 5 AML marrow samples examined (Figure 7 Colony-forming assays were used to evaluate the antiproliferative effects of the cytarabine-17-AAG combination. For these studies, cells were treated with cytarabine for 24 hours followed by 17-AAG for an additional 24 hours in the continued presence of cytarabine (Figure 8 ). Replicate aliquots of the same cells were treated with the individual drugs at exactly the same time. Results of these assays were analyzed using 2 different approaches. First, the fractional product approach 66 was used. According to this method, the fractional survival expected from the combination was assumed to be the product of the fractional survivals of the single agents. Effects of the combination predicted by this method are 2 and 3) , or 300 or 1000 nM 17-AAG (lanes 4 and 5). Whole cell lysates containing 50 g protein were then subjected to immunoblotting with reagents that detect the indicated polypeptides. Actin, which is not an Hsp90 client, and Hsp90, which does not change after 17-AAG treatment, served as loading controls. Samples in panels A-C came from 3 different AML patients. Figure 8A ,C-D. In each case, the survival observed after treatment with the combination was much lower than would be expected if the combination were strictly additive. Similar results were observed in 2 additional AML samples incubated with cytarabine for 24 hours before addition of 17-AAG for 24 hours and in 7 separate AML samples incubated with cytarabine for 48 hours before addition of 17-AAG for 24 hours (H.L.P., R.A.M., and S.H.K., unpublished observations, March to July 2004). Because the limited number of cells in some samples precluded exposure to a large number of drug concentrations, data from only 6 samples were analyzed by the more formal method of Chou and Talalay. 82 In 1 of the 6 samples the combination index was above 1.0, indicating that the antiproliferative effects of the combination were less than additive. In the remaining 5, the combination index was below 1 (Figure 8B ), indicating that the antiproliferative effects of the combination were synergistic.
Discussion
Results of the present study provide the first demonstration that the cytarabine-induced S-phase checkpoint can be abrogated by 17-AAG in myeloid leukemia cell lines. Treatment with therapeutically achievable cytarabine concentrations 10, 67 resulted in activating phosphorylation of Chk1 (Figure 1 (Figures 2 and 5 ). This S-phase exit in the continued presence of cytarabine is consistent with the notion that accumulation in S phase represents activation of the replication checkpoint 29 rather than physical blockage of replication complexes by cytidine arabinoside incorporation into DNA.
This 17-AAG-induced exit of cells from S phase in the continued presence of cytarabine is followed by increased apoptosis as detected by caspase activation (Figure 5D ), cleavage of caspase substrates ( Figure 5E ), DNA fragmentation ( Figure 5A ), phosphatidylserine externalization (Figures 4E-G and 5F), and apoptotic morphologic changes ( Figures 4C-D and 5C ). The enhancement of cell death was observed in HL-60 cells, which lack p53 88 and express high levels of Bcl-2, 89,90 as well as ML-1 cells, which express wild-type p53 91 and more modest levels of Bcl-2. 90 The ability of 17-AAG to enhance cytarabine-induced killing is consistent with earlier observations demonstrating that the Chk1 inhibitor UCN-01 increases death induced by the nucleoside analogs gemcitabine, 29 fludarabine, 30 and cytarabine. 31 Of importance, 17-AAG also depleted Chk1 in primary AML cells ( Figure  7 ). In these samples, the lower percentage of blasts that are actively traversing the cell cycle 92, 93 likely limits the efficacy of the cytarabine plus 17-AAG combination during the arbitrary treatment time used in the present experiments. Nonetheless, 17-AAG also synergized with cytarabine in primary AML isolates ( Figure  8 ). All of these results are consistent with previous studies showing that targeted Chk1 gene deletion enhances the cytotoxicity of the replication inhibitor aphidicolin in chicken B cells. 21 The cytarabine-17-AAG combination described in the present study might be particularly effective because cytarabine stalls replication forks 94, 95 and 17-AAG depletes Chk1, which plays critical roles in facilitating survival when replication forks stall. 21 In view of data showing that the incorporation and retention of cytarabine metabolites into nascent DNA is increased by proliferative cytokines, 12, 13, 15, 96, 97 it is possible that the cytotoxicity of the cytarabine-17-AAG combination might be further enhanced by cytokine priming.
Recent pharmacokinetic analysis performed in conjunction with phase 1 clinical trials of 17-AAG demonstrated that 17-AAG is metabolized to 17-AG, which persists in the circulation longer than 17-AAG. 48 The present study provides the first indication that 17-AG more potently down-regulates Hsp90 client proteins than 17-AAG ( Figure 3B ). These findings indicate that the contributions of both 17-AAG and 17-AG need to be taken into account when considering the implications of drug levels on client protein stability.
While the present study focused on Chk1, other client proteins are also down-regulated by Hsp90 inhibitors. The antiapoptotic kinase Akt, 87 for example, was down-regulated in AML cell lines ( Figure 3 ) and clinical AML isolates ( Figure 7 ). Although Akt clearly plays important roles in enhancing cell survival following certain cellular stresses, our results in HeLa cells ( Figure 6 ) suggest that signals mediated by PI3k and downstream kinases are less important than Chk1 when replication forks are arrested by cytarabine. In particular, PDK1 siRNA diminishes Akt signaling but does not enhance cytarabine-induced antiproliferative effects (Figure 6 ), arguing against the possibility that 17-AAG-induced decreases in Akt1 phosphorylation on Thr308 are responsible for the synergy of cytarabine and 17-AAG. On the other hand, the tyrosine kinase receptor FLT3, a mutational target associated with a particularly poor prognosis in 20% to 40% of AML cases, 98, 99 is also an Hsp90 client that is depleted by 17-AAG. 36 These observations, coupled with the finding that tumor-cell Hsp90 has a higher affinity for 17-AAG, 46 raise the possibility that 17-AAG might selectively target leukemia cells, where it will inhibit multiple signaling pathways that contribute to drug resistance.
In summary, the present results indicate that 17-AAG depletes Chk1, disrupts the S-phase checkpoint, and enhances the antiproliferative effects of cytarabine in multiple human leukemia cell lines and clinical AML samples. In view of previous data suggesting that activation of the S-phase checkpoint contributes to nucleoside analog resistance, 29, 30 further preclinical and clinical investigation of the cytarabine-17-AAG combination appears warranted. Further study is also required to determine whether 17-AAG synergizes with other antileukemic agents. 
